The phenomenon panel flutter is known since the mid 1940's. Intense investigations in experiment and theory followed in the 60's and 70's. The developed theories are capable of describing panel flutter in the subsonic and high supersonic Mach number domain but are insufficient in the transonic domain. In the recent years new Fluid-Structure-Interaction (FSI) methods by means of coupled CFD and FE calculations have shown more accurate results in that Mach number domain. Within a common project of the Airbus Company and the German Aerospace Center (DLR) the described computational approach is used on the theoretical side. Experiments were performed in 2015 and 2017 to gain data for validation. The wind tunnel experiments were conducted by means of a forced motion experiment in a Mach number range of 0.7<M<1.2. The objective is to obtain the aerodynamic response to the panel's deformation. In order to simulate its first bending mode shape the all edge clamped panel is deflected by a hydraulic actuator. The structure is deflected sinusoidal over a wide range of amplitudes and frequencies. The wind tunnel's flow conditions are varied by means of the Mach number and the total pressure (Reynolds Number). Beside the measurement of the panel deformation by a stereo camera marker tracking system, the flow response is measured by high sensitive miniature pressure transducers.
INTRODUCTION
In the mid 1940's self-excited oscillations of skin panels of the first rockets was observed as a risk for the structural strength [1] . Accordingly, thorough investigation on the aeroelastic stability of plates and shells followed in the 1960's and 1970's both experimental and theoretical [2, 3, 4] . Experimental studies show that panels with clamped mechanical boundary conditions for all four edges are subjected to dynamic instabilities for supercritical Mach numbers. It was found that the nondimensional critical dynamic pressure is strongly decreased in case of low supersonic Mach numbers. Further, an increase of the aerodynamic damping caused by the boundary layer of the fluid was observed. This second effect diminishes again the first one [5, 6 ] (see Fig. 1 ). Viscous flow was included in the theoretical investigation of the aeroelastic stability of panel structures. Linearized potential flow aerodynamics with an explicit definition of a non-uniform mean flow [7, 8] or an oneseventh power law for the flow velocity in a turbulent boundary layer was used [9, 10] . Later, the viscous flow was considered by using Reynolds-averaged Navier-Stokes equations [11, 12, 13] . Fig. 1 shows results of an exemplary two-dimensional flat plate simply supported at the leading edge and the trailing edge (adapted from [13] ). With regards to the displayed Saturn V launch trajectory [14] the low supersonic domain is most critical. Depending on whether a non-viscous or a viscous calculation is done the critical dynamic pressure is exceeded and instabilities occur. Fig. 1 illustrates two different types of flutter concerning the same panel, which may appear based on the mentioned calculations. The flutter frequency is plotted against the Mach number. In the low supersonic domain so-called single-mode flutter appears which is dominated by the panel's first bending mode shape. For increased Mach numbers coupled-mode flutter emerges, which is a results of the first two bending mode shapes. Hitherto performed experiments were focused on the determination of the critical dynamic pressure [5, 6, 15] for a wide range of Mach numbers and dynamic pressures for numerous parameters of panel geometry and material. In opposite to those experiments the approach of the test setup described in the report at hand is based on an actuated panel structure below the critical dynamic pressure. The panel structure is forced to take the mentioned mode shape (Fig. 2) . The aerodynamic response is investigated by means of account of complex amplitudes of the measured pressure on the structure's surface. The overall goal is the determination of generalized aerodynamic forces and the analysis of the aeroelastic stability based on small perturbation theory in the frequency domain. It allows further, with regards to single-mode flutter, the investigation of the physical mechanism of negative aerodynamic damping by applying the energy method because the lowest eigenmode is weakly influenced by aerodynamic coupling effects (Fig. 1 ). This paper shows experimental results of two test campaigns performed at the DLR in the Transonic Wind Tunnel Göttingen (DNW-TWG) concerning the first flutter-mode-shape. The tests were conducted within a Mach number range of 0.7<M<1.2, a range of reduced frequencies of 0.0Hz<f<60Hz as well as several Reynolds numbers and deflection amplitudes. The description of the used test setup and the applied measurement techniques for deformation and pressure is followed by a presentation of the results by means of the measured aerodynamic response. The influence of the aforementioned parameters is illustrated. 
EXPRIMENTAL REALISATION
For the investigation of the aerodynamic stability of panels a new test setup was designed and manufactured at DLR for the use in the DNW-TWG. Beside the wide range of flow conditions provided by the wind tunnel the test rig allows the application of various panel structures concerning geometry and materials. The test structure, which is chosen for the test campaigns presented in this report, is a flat rectangular plate, which is embedded in a frame structure (Fig. 3 ). First the test structure has to be mounted to the so-called Inner Frame (Fig. 3 , left) which in return has to be applied into the Outer Frame (Fig. 3, right) . The result is a 1m by 1m surface, which is to be connected to a as large as that slot in the wind tunnel wall. The applied Setup is accordingly a part of the wind tunnel wall with a panel, which has one surface exposed to the wind tunnel flow and one surface averted to the flow. The two-frame-design is a result of the intended modularity of the whole setup. The Inner Frame can be rotated α=90° to allow investigations for another length-to-width ratio of the test structure. This feature is not yet used in the performed tests. The used panel has a length-to-width ratio of ⁄ = 500 875 ⁄ and is restrained with clamped mechanical boundary conditions (MBC's) for all four edges. The panel is milled from a single block of isentropic material whose length and width dimensions exceed the dimensions of the panel. So, an integrated thick framework at all four edges shall ensure the intended clamped MBC's (Fig. 3, Fig. 4 ). In order to deflect the panel surface a linear hydraulic actuator is applied on the wind averted side of the panel. The actuator applied at the panel center (x Cen =0.5l, y Cen =0.5w) shall meet the first bending mode of the panel. By performing a forced motion experiment that way the structural parameters of The aeroelastic system may be described by the deformation of the structure and the aerodynamic response by means of the surface pressure. For getting information of the entire surface of the panel both kinds of sensors are arranged in several intersections in x-direction as well as in y-direction (Fig.  4) . In order to obtain an accurate measurement of the acting pressure 108 high sensitive unsteady pressure transducers are applied. Those transducers work on the principle of reference pressure and at a measurement range of 5 PSI. The deformation is measured by a stereo camera based marker tracking system. White markers are applied on the structure's dark surface. Two cameras, mounted outside the wind tunnel, track those markers simultaneously at 350 fps. Based on the two recorded sets of 2D data the 3D coordinates are calculated. The later on presented results are related to the intersection S p4 in case of the pressure transducers and S z5 in case of the deformation markers (Fig.  4) . A more detailed survey on the test rig design and its instrumentation is available in Lübker et al. [17] . Aerospace Europe 6th CEAS Conference 
RESULTS

Forced Shape
Foundation for following study of the aerodynamic response is accurate information on the forced structure shape. The intended deflection shape is equal to a flat plate's first bending mode shape. This shape is to be expected being one potential flutter shape. The quality of the carried out shape shall be discussed briefly. Examples for different Mach numbers at a low excitation frequency are shown in Fig. 5 . The black dashed curve illustrates the intended design shape to illustrate the realized contour accuracy. The deflection is depicted along the panel's downstream center line (Fig. 4 : Intersection S z5 ). The right hand figure shows the phase shifts for the measured markers, which are referred to the actuators excitation. With exception of inaccuracies at x=0.9l the whole structure is oscillating without noteworthy phase differences. 
Pressure Coefficient Response
This report is concentrating on the different influences on the pressure (coefficient) behavior. The main share is dedicated to the investigation of the influence of Mach number and excitation frequency. Besides that attention is drawn to the parameters Reynolds number and excitation amplitude. The reproducibility of the results is verified as well. Subsonic cases and supersonic cases will be illustrated. The results along the panel's center intersection in stream-wise direction are presented (see S p,4 in Fig. 4 ). The pressure coefficient is normalized by its particular deflection amplitude. The most illustrations are done by means of four associated diagrams. On the one hand the measured complex values are broken into the absolute amplitude and the belonging phase shift. The phase shift is the resulting phase related to the structures oscillation phase, which identic to the actuator's movement. On the other hand the oscillations are illustrated by means of real part and imaginary part. Before analyzing the influence of the different parameters a reference example for low subsonic flow conditions at a low excitation frequency shall be discussed (Fig. 5) . Symmetry for the panel's halflength can be recognized. Three oscillating domains are illustrated which are separated by zero points at about x Abs,1 =0.2l and x Abs,2 =0.8l. The inflexion points of the deformed structure are located here. The phase distribution reveals that the two domains at the leading edge and at the trailing edge oscillate inversely phased compared to the center domain. Starting at the leading edge the phase Aerospace Europe 6th CEAS Conference shift is constant at Δφ=0°. At the position of the deflected structure's first inflexion point a jump to Δφ=180° appears, which means an oscillation opposition. At the second inflexion point another jump appears and the phase is shifted back to Δφ=0° or Δφ=360° respectively. The same behavior must be distinguishable by regarding real-and imaginary part. The real part shows very clearly the zero points and the three different domains of the oscillation. By comparison it appears that the imaginary part is small, which means a low influence on the oscillation. In case of positive absolute values the phase is Δφ=0° and in case of negative absolute values the phase is Δφ=180°. The strongest impact of the imaginary part is at about x Imag,1 =0.15l and x Imag,2 =0.7l. In the phase plot the largest deviations from Δφ=0° and Δφ=180° occur here Excitation Amplitude: With regards to the numerical activities and to the quality of the measurements it is important to get information on the dependency between the deflection amplitude and the measured pressure response. The tested amplitudes (Â 1 , Â 2 , Â 3 ) are chosen due to numerical studies and boundary conditions based on the structure's mechanical strength. Exemplary results of the pressure coefficient c p normalized by the particular deflection amplitude are illustrated in Fig. 6 . The agreement for all cases is satisfactory for all four plots. Small deviations are recognizable only for the imaginary part. However, the results are still very close to each other. Compared to the real part the imaginary part is very small. An increasing inaccuracy in the measurement may cause the deviations. Due to the normalization of the measurements by the excitation amplitude the results show a linear dependency of the pressure on the structure's deformation.
Reproducibility of Results:
The first measurement campaign was done in the end of 2015. The second one followed in the beginning of 2017. A quality feature for an experiment is the reproducibility of results. M=0.7; f=1.0Hz M=0.7, f=60.0Hz Fig. 9 illustrates the Mach number influence in case of a high excitation frequency (f=60Hz). Just as observed for the low frequency example the amplitude increases by increasing the subsonic Mach number. The Influence in the vicinity of the leading edge is much stronger than at the trailing edge. The change of the real part and the Imaginary part proves that. The real part is of the same magnitude for low frequencies and for high frequencies. In contrast to the former example the imaginary part is increased by a factor of about two orders of magnitude compared to the low excitation frequency. This has a very strong impact on the phase shift. The hitherto observed stepwise characteristic with phase angles at Δφ=180° or at Δφ=0° changes to a continuous increase along the panel length. The dependency in the subsonic domain on the Mach number is still small. For supersonic flow conditions at a high frequency the downstream shift of the Δφ=180° domain continuous. But in contrast to subsonic conditions the increase of the supersonic Mach number continuous the increase of the amplitude. Only the imaginary part starts with high amplitudes and is decreasing for increasing Mach numbers. The resulting phase shift shows the same continuous increase as detected at subsonic conditions. The higher the Mach number rises the more the characteristic of the low frequency domain dominates, regarding the sudden changes from in-phase to out-of-phase conditions. Frequency Dependency: The hitherto illustrated examples ( Fig. 8; Fig. 9 .) gave first impressions of the influence of the excitation frequency. First the subsonic case will be discussed in detail (Fig. 10 ). An increase of the frequency leads here to an increase of the amplitude. The stationary zero points at x 1 =0.2l and x 2 =0.8l vanish. This is caused by comparatively strong increase of the imaginary part. The result is a change of the entire phase shift characteristic. At f=1Hz the phase shift is observed to be φ=0° or φ=180°. Starting at φ=0° a jump happens to φ=180° and another step followed to φ=360° (back to φ=0°). The increase of frequency causes a phase shift at the leading edge (x LE =0) up to φ=50°. The curve behavior changes from two distinct levels to an s-shaped curve, which approaches more and more a line with a constant inclination from φ LE >50° to φ TE =360°. The gradually rise of the imaginary part means standing wave characteristics for low frequencies with cooscillating and counter-oscillating domains separated at the structure's inflexion points. Increasing frequencies entail a bit by bit transformation of those wave characteristic. The standing wave becomes a traveling wave. The development of the pressure distribution at low supersonic flow conditions (M=1.1) is presented in Fig. 11 . The influence of the frequency on the pressure coefficient's amplitude is converse to the observations done at subsonic conditions. An increase in the Mach number means a decrease in the pressure coefficients amplitude. The same applies to the real part but does not for the imaginary part. Here an increase occurs as well as at subsonic conditions. A vanishing of the stationary zero points and the conversion to traveling wave characteristics occurs accordingly. This influence is less strong as detected for subsonic conditions. For the range of tested frequencies the phase at the leading edge is almost not shifted from about zero to higher degrees. Aerospace Europe 6th CEAS Conference continuously rising with increased Mach number. The distinct traveling wave, which was observed at subsonic flow conditions, loses its peculiarity. Not less influencing than the Mach number is the excitation frequency. Beside a decreasing and increasing impact on the pressure amplitude (depending on M), the frequency changes the characteristic of the transfer function of pressure response and deflection. An increasing frequency causes the conversion of a standing wave at low frequencies into a traveling wave at high frequencies.
Next Steps
Another test campaign with focus on the second bending mode-shape was performed 2017. To complete the needed data set for continue investigating the aeroelastic stability flat panels those data has to be analyzed. First preliminary comparisons of test results and numerical results were done for the 2015 test campaign. The work will be continued with the full set of required data including the followed two test campaigns. Another goal based the on the experiments is to obtain energy, which is transferred between the structure and the fluid by means of the structures movement and the pressure acting on the surface of the structure. The study will give information on domains in which energy is transferred in the structure, which leads to a diminishing of the damping.
